The left ventricular Frank-Starling response was studied in 15 preterm infants, less than 1500 g birth weight, and in 16 fullterm infants with patent ductus arteriosus. Left ventricular end diastolic volume (LVEDV), stroke volume, and cardiac output were calculated from biplane echocardiographic images with a modified Simpson's rule, and the left ventricular function curve was obtained by standardising with birth weight and body length. In the relationship between LVEDV and stroke volume, the slope of the regression line was significantly milder in preterm than in fuilterm infants; however, there was no significant difference in the relationship between LVEDV and cardiac output. The heart rate was significantly higher in preterm than in fulilterm infants. Our data indicated that the premature infants had less left ventricular reserve capacity to respond to the increased preload through the left-to-right ductal shunting than the mature ones, and that the high pulse rate made it possible to generate adequate cardiac output in premature infants. 
During the transitional change from fetal to neonatal circulation, the presence of a patent ductus arteriosus (PDA) and a left-to-right ductal shunting adversely affects the cardiopulmonary status of preterm infants as an increase of preload for the left ventricle.1 2 Animal research on lambs has shown that the premature lamb has less preload reserve capacity in the left ventricle to respond to volume loading than the mature lamb,3-6 but this fact has not been fully investigated in human premature neonates. Using echocardiographic techniques, we have studied the Frank-Starling relationship of the left ventricle in preterm (<1500 g birth weight) and full- preterm infants, and blood pH was measured using an AVL947 blood gas analyser. 
between birth weight and LVEDV, stroke volume, and cardiac output, as well as that between body length and those parameters, in both fullterm and preterm infants. A simple linear regression analysis was used to determine the significance of the correlation between LVEDV and stroke volume, and that between LVEDV and cardiac output. An analysis of covariance was used to determine the significance of the distribution difference between preterm and fullterm infants. For comparison of data, the unpaired t test was used, and p-005 was considered to indicate statistical significance. All values were expressed as the mean (SD).
Results

ECHOCARDIOGRAPHIC DATA AND CHANGE OF HEART RATE
The findings are summarised in table 2. The LVEDV, stroke volume, and cardiac output were significantly lower in preterm infants as expected. The ejection fraction was also significantly lower in preterm infants than in fullterm ones; however, the heart rate was significantly higher in preterm infants.
RELATIONSHIP BETWEEN LVEDV AND STROKE VOLUME AND BETWEEN LVEDV AND CARDIAC OUTPUT
The relationships are shown in the figure. There was a linear correlation between the LVEDV/BW and the stroke volume/BW in both preterm and fullterm infants ( figure A) There was also a linear correlation between the LVEDV/BW and the cardiac output/BW in both preterm and fuliterm infants (figure C); preterm infants: (cardiac outputlBW)=47 0 (LVEDV/BW)+26-2, r=0-81, p<0001; full- 
INTEROBSERVER AND INTRAOBSERVER VARIABILITY
The coefficient of variation for interobserver and intraobserver variability for the left ventricular volume calculations was 0-3-7-6%
and 0-2-6 1 %, respectively.
Discussion
The present study showed that premature infants had less reserve capacity in the left ventricle to respond to the increased preload through the left-to-right ductus arteriosus shunting than the mature ones; however, the increased heart rate in the premature infants compensated for their low left ventricular stroke volume and made it possible to generate the adequate left ventricular output. The previous Doppler echocardiographic studies well demonstrated the left-to-right ductus arteriosus shunting and its effect as an increase of left ventricular preload.9 10 As the index of this increased preload, we divided LVEDV by both birth weight and body length instead of body surface area usually used in older children, because it is difficult to measure accurately the body surface area of premature infants, especially those less than 1500 g at birth. A previous investigator divided the volumetric measurements of preterm infants by birth weight for adjustment,9 while another described that adjustment only with body weight may be misleading.11 Thus we divided LVEDV and other measurements not only by birth weight but also by body length to confirm the conclusion. In the present study we calculated LVEDV by the biplane Simpson's rule geometric method, because it is more accurate to estimate neonatal left ventricular volume with distortion due to the relatively high right ventricular pressure after birth12 13 than an area/length or M mode determined volume calculation method. As far as we know, there are few reports estimating LVEDV in human premature and mature neonates by a biplane echocardiographic images with a modified Simpson's rule.
In the relationship between the LVEDV and the stroke volume, the slope of the regression line was significantly milder in preterm than in fullterm infants ( figure A, B) , and the left ventricular ejection fraction was also significantly lower in preterm than in fullterm infants. These findings, indicating that premature infants had less capacity to generate adequate F120 group.bmj.com on June 18, 2017 -Published by http://fn.bmj.com/ Downloaded from left ventricular stroke volume in proportion to the quantity of the left-to-right ductal shunting than the mature infants, were consistent with the previous reports of the Frank-Starling relationships on fetal and neonatal lambs.14-16
We could not observe the 'plateau limb' of the Frank-Starling curve as reported in animal research. 14-16 This may be because of the difference between the artificial and natural volume loading. In contrast to the relationship between LVEDV and stroke volume, there was no significant difference between preterm and fullterm infants in the relationship between LVEDV and cardiac output, indicating that the high pulse rate compensated for the low left ventricular stroke volume in the premature infants.
It is necessary to assess the afterload, in addition to the preload, to investigate left ventricular contractile state in preterm and fullterm infants. We have measured the steady peripheral skin temperature, blood pH, and blood pressure, which mainly influence systemic resistance. There seemed to be no apparent difference in the steady peripheral skin temperature and blood pH between preterm and fullterm infants, however, the blood pressure in the preterm infants was significantly lower than that in the fullterm ones. In animal research on preterm lambs Clyman et al hypothesised that the reduced left ventricular afterload plays an important part to increase its stroke volume when challenged with PDA. 6 In the present study the preterm infants with PDA showed less capacity to generate stroke volume even under the lower blood pressure.
We have confirmed that a high pulse rate is necessary for the cardiovascular adaptation in premature infants with PDA, and that a careless use of plasma volume expander or bradycardia may result in the failure of maintaining adequate left ventricular output in the premature infants. This study has hopefully provided useful basic data concerning the left ventricular contractile state in premature and mature infants with PDA. 
